Introduction
The traditional dietary styles of the Mediterranean countries have been recently emphasized because of their benefits on human health. These dietary patterns, including fresh fruits and vegetables (400-600 g, 5-8 servings/day), whole cereals, pulses, seafood, white meat, nuts, olive oil and moderate amounts of wine (300-400 mL, two glasses/day), have been associated with the low incidence of some chronic illnesses, such as certain cancers, atherosclerosis, cardiovascular diseases, ischemic stroke, neurodegenerative disorders and aging, observed in some population groups [1] [2] [3] [4] .
The health-promoting effects of plant foods and beverages are ascribed to some chemical constituents present in various plant tissues and also occurring in plant-derived products. These phytochemicals can act as dietary therapeutics or nutraceuticals and, therefore, by virtue of their content, some plant foods and beverages can be considered as functional foods and beverages, i.e. products consumed as part of a normal diet that may provide health benefits beyond basic nutritional functions [5] [6] [7] [8] .
In this review, we examined the complexity of grape chemistry, the biosynthesis of grape chemicals in plant tissues and their biological activities in both human and animal in vitro/in vivo experimental models, focusing on polyphenols, the most investigated compounds. Wine is not included in this survey, because it is the topic treated elsewhere in this special issue.
Grape chemistry
Secondary metabolites in grapevine (Vitis vinifera) occur in wood, leaves, stems (rachis and pedicels) and berries [9] . Although berries are utilized as fruit and for winemaking, along with stems, leaves are generally not consumed by humans, apart from some exceptions, such as the typical Greek dish known as dolmadakia, grape leaves stuffed with rice. Therefore this section will examine phytochemicals only present in berry tissues.
Grape chemistry is rather complex and over 1600 compounds have been identified in the genus Vitis, arising from the three main classes of natural products, phenylpropanoids, isoprenoids and alkaloids, widely distributed both in plant foods and medicinal herbs [10, 11] . These secondary metabolites exert a functional role in plant/grapevine ecology, mainly as phytoalexins, and are involved in resistance against pathogens and phytophagies, as well as in tolerance to abiotic stresses, for instance adverse climatic conditions, UV, photooxidation, drought and environmental anthropogenic pollutants [12, 13] .
Phenylpropanoids: The aromatic amino acid phenylalanine (Phe) is the precursor of phenylpropanoidic compounds, through the action of the key enzyme phenylalanine ammonia-lyase (PAL), which catalyses the deamination of Phe to transcinnamic acid (Figure 1 ).
Enzymatic hydroxylation of cinnamic acid by cinnamic acid 4-hydroxylase leads to p-coumaric acid, which can be further hydroxylated and methylated to form ferulic, sinapic and caffeic acids [14, 15] . These compounds, in addition to p-coumaric acid, are collectively named hydroxycinnamic acids (C6-C3) ( Figure 2 ) [16] .
The cleavage of a C2 fragment from the aliphatic side chain of coumaric acid produces phenolic or hydroxybenzoic acids (C6-C1), benzoic acid derivatives including salicylic, syringic, vanillic and gallic acids (Figures 1, 2) [16, 17] .
In the malonate pathway, chalcone synthase (CHS) catalyses the condensation of 3 molecules of malonyl-CoA (C2) and p-coumaroyl-CoA form a chalcone, with a second aromatic ring linked to the phenylpropanoid moiety (C6-C3-C6) and the precursor of flavonoids (Figures 2, 3 ). CHS then converts the chalcone to naringenin, a flavanone, the precursor of flavones, flavonols, flavanols and anthocyanidins, the main flavonoids in grape (Figures 2, 3) [18] . Among flavonoids, anthocyanidins are the most abundant pigments in grape skin (Figure 4 ). Their conjugated derivatives, anthocyanins, mainly bound to sugars, hydroxycinnamates or organic acids, are water soluble pigments conferring blue, red and purple hues to flowers, fruits and other plant organs. Anthocyanins of Vitis are structurally based on five aglycones/anthocyanidins, malvidin, cyanidin, delphinidin, peonidin and petunidin, which are differentiated on the basis of the number and position of their hydroxyl groups and their methylation degree ( Figure 3 ) [19, 20] . Flavonols include kaempferol, quercetin and myricetin as aglycones, while apigenin is the main flavone in grapes. Flavanols include catechins, the monomeric units for the proanthocyanidin biosynthesis ( Figure 3 ) (see ahead this section).
Alternatively, the enzyme stilbene synthase (STS) catalyses the reaction between p-coumaroyl-CoA and 3 malonyl-CoA units, leading to stilbenes ( Figure 3 ). However, in contrast to CHS, the 9'-C atom of the phenylpropane is released as an additional CO 2 molecule, and the basic skeleton of stilbenes becomes C6-C2-C6 (Figures 2, 3) . Molecules belonging to the stilbene family possess the skeleton based on the trans-resveratol structure, including piceids, pterostilbenes and viniferins, that are, respectively glucosides, dimethylated derivatives and oligomers of resveratrol ( Figure 3) The activities of CHS and STS are differentially regulated, according to the plant developmental stage. During the initial phase of berry ripening (véraison), resveratol accumulation in berry skin declines, while anthocyanin synthesis increases, due to the competition between the two branches of the same pathway (Figures 4, 5) .
Hrydoxycinnamates Hydroxybenzoates
As a consequence, after véraison, anthocyanin accumulation confers color to berry skin, whereas the lowering of levels of resveratrol, a powerful phytoalexin makes grapes more susceptible to Botrytis cinerea infections (grey mould) ( Figure 5 ) [23, 24] . Interestingly, treatment with compounds able to activate the plant immune system can reverse, to a certain degree, the inverse relationship between resveratrol and anthocyanin content, reducing the CHS and STS competition for the substrate and avoiding the metabolic switch from one to the other pathway. Thus, higher levels of resveratrol protect grapes from grey mould after véraison, without hampering the coloring phase, which is an important qualitative trait [25] .
Proanthocyanidins, also known as condensed tannins, are both oligomeric and polymeric compounds arising from polyhydroxy flavan-3-ol and flavan-3,4diol units and their epimers, condensed together by C4→C8 or C4→C6 bonds. The most common monomers in grape include catechins [(+)-catechin and (-)-epicatechin], whose polymerization degree ranges mainly between 3 and 11 (Figures 2, 3) [26] . In Vitis, proanthocyanidins are principally present in seed, skin and stem tissues of the grapes, where they exert a role as defense metabolites against pathogens and herbivores. In grape seeds, proanthocyanidins represent the major fraction of the total polyphenol extract, characterized by a lower polymerization degree than those present in skin. However, skin During the initial phases of ripening (véraison), resveratrol accumulation in berries declines, while anthocyanin synthesis increases. As a consequence, anthocyanin accumulation confers color to berry skin, whereas the lower levels of resveratrol, a powerful antifungal phytoalexin, make grapes more susceptible to grey mould (Botrytis cinerea) infections. The bottom is represents the inverse relationship between resveratrol and anthocyanin content in grapes and between the activities of stilbene (STS) and chalcone synthase (CHS).
proanthocyanidins are more easily extracted during winemaking, because of their localization in the vacuole and cell wall, thus conferring important organoleptic properties to wine, such as astringency, bitterness, browning, turbidity and color stability [27] [28] [29] .
Collectively, flavonoids, stilbenes and proanthocyanidins are grouped in polyphenols, the name indicating both the compounds with a second aromatic ring derived from the malonate pathway and those arising from the polymerization of flavonoidic/catechin units.
Isoprenoids -Several hundreds of volatile
compounds have been identified in grapes, whose aroma is largely due to isoprenoid monoterpenes, above all the acyclic alcohols geraniol, nerol, linalool, citronellol, homotrienol and the monocyclic α-terpineol ( Figure 6 ) [30, 31] . Isoprenoids, or terpenoids, are a huge and diversified group of plant chemicals derived from a simple C5 isoprenoid building unit, the isopentenyl diphosphate ( Figure 6 ) [32] . In a broad sense isoprenoids are lipids, coming from acetyl-CoA and mevalonate via hydroxymethylglutaryl coenzyme A (HMG-CoA) synthase and reductase ( Figure 6 ). Monoterpenes, major components of essential oils, are C10 representatives of isoprenoids, arising from geranyl diphosphate following the head-to-tail condensation of two isoprene residues ( Figure 6 ) [33] . In human Isopentenyl diphosphate represents the C 5 isoprenoid building unit leading to monoterpenes, sesquiterpenes and tetraterpenes, following different reactions of head-to-tail and head-to-head condensation. C 13 -Norisoprenoids arise from oxidative degradation of tetraterpenes. See the text for more details.
breast adenocarcinoma (MCF-7) cells, geraniol was shown to inhibit cell cycle progression and proliferation, via a mevalonate-independent pathway (similarly to statins, some isoprenoids, including monoterpenes, can inhibit HMG-CoA reductase activity and, consequently, mevalonate accumulation, thus inhibiting cell growth) [34] .
Carotenoids are isoprenoid tetraterpenes (C40) accumulating in ripening grape berries. These compounds originate from geranylgeranyl diphosphate, following different reactions of C5 unit head-to-tail and head-to-head condensation ( Figure 6 ) [33] . Oxidation of carotenoids produces volatile fragments, the C13-norisoprenoids. These are strongly odoriferous compounds, such as β-ionone (aroma of viola), β-damascenone (aroma of honey and exotic fruits), β-damascone (aroma of rose and fruits) and β-ionol (aroma of flowers and fruits) ( Figure 6 ) [30, [35] [36] [37] [38] . In particular, β-ionone, an analogue of β-carotene, exhibits potent anticancer activity in both animal models and cell lines. Very recently, a dose-dependent inhibition of [39] . Moreover, in previous studies, β-ionone inhibited the growth of MCF-7, human gastric adenocarcinoma (SGC-7901), human colon adenocarcinoma (Caco-2) and human promyelocytic leukaemia (HL-60) cell lines via different molecular mechanisms, namely cell cycle arrest, apoptosis induction and inhibition of cell proliferation, invasiveness and metastasis [34, [40] [41] [42] . Because of the similarity between the chemical structure of β-ionone and retinoids (β-carotene, vitamin A, retinoic acids), it was suggested that β-ionone can serve as a ligand agonist of the retinoid receptors, a class of nuclear receptors regulating cell growth, differentiation and apoptosis, as demonstrated by the dose-dependent upregulation of the retinoid receptor mRNA in human colon cancer HCT-166 cell line [43] .
Finally, C15 isoprenoid sesquiterpenoids such as αfarnesene and β-caryophyllene ( Figure 6 ) have been reported in grapes [44] . These metabolites play different ecological roles, such as plant-insect interaction, besides possessing considerable antimicrobial or biostatic activities [45, 46] . Alkaloids: Indole alkaloids, deriving from the aromatic amino acid tryptophan (Trp), have been detected both in grapes and grape products. Tetrahydro-β-carbolines are tricyclic indole derivatives occurring in low amount in grapes, grape juice and wine. In particular, carboxylic acids of tetrahydro-β-carbolines, which are largely diffused in fruits, arise from Trp via a nonenzymatic Pictet-Spengler condensation, i.e. the indole nucleus cyclization with carbonyl substrates, aldehydes typically ( Figure 7 ). They occur at the ng/g and μg/L levels in grapes and juice/wine, respectively, contributing to the antioxidant capacity of these products [47] [48] [49] [50] . Additionally, tetrahydro-βcarbolines are synthesized in mammalian brain tissues via the endogenous condensation of Trp or 5-hydroxytryptophan with formaldehyde or acetaldehyde [51] . In the central nervous system, they display a wide spectrum of psychoactive properties, as neurotransmitters or neuromodulators: tetrahydroβ-carbolines function as potent reversible inhibitors of the enzyme monoamine oxidase (MAO), besides binding to the benzodiazepine, imidazoline, serotonin (5-hydroxytryptamine, 5-HT) and dopamine receptors and inhibiting 5-HT (re)uptake [52, 53] . MAO is implicated in neurological disorders, psychiatric conditions, depression and catalyses the oxidative deamination of biogenic amines, including neurotransmitters (dopamine, 5-HT, tryptamine; norepinephrine), vasoactive dietary amines (tyramine) and xenobiotic amines [54, 55] . In addition to the reported psychopharmacological effects, tetrahydro-β-carbolines are potent antioxidant and anticancer agents, activated by different biochemical and molecular mechanisms, namely apoptosis induction and inhibition of DNA topoisomerase I, II and cyclin-dependent kinases [48, 56, 57] . However, the precise effects of these compounds on human health are still debated, as is the amount of dietary tetrahydro-β-carbolines in biological tissues and fluids despite their occurrence in many commercial fermented and smoked foodstuffs, such as vinegar, beer, cheese, yogurt, bread and smoked fish [58, 59] .
Melatonin (N-acetyl-5-methoxytryptamine) has been recently discovered in grape skins ( Figure 4 ) [60, 61] . It was long thought to be a neurohormone found exclusively in vertebrates, until its recent detection in bacteria, protozoans, algae, plants, fungi and invertebrates [62] . Melatonin also has been found in edible plants, medicinal herbs and seeds, though its physiological and patho-physiological function is still unclear. Nevertheless, a hormone-like role has been putatively attributed to melatonin in some plant species [63] [64] [65] . The essential amino acid Trp is the precursor of all 5-methoxyindoles, or indoleamines/ tryptamines, including melatonin, through the intermediate 5-HT and catalyzed by hydroxyindole-O-methyltransferase ( Figure 7 ) [66] .
As for other phytochemicals, particularly polyphenols, differences in genotypes and agrometeorological conditions contribute to the different melatonin content reported in grape cultivars. In fact, among the examined cultivars, Nebbiolo and Croatina contain the highest melatonin level, 0.9 and 0.8 ng/g, respectively, whereas the lowest concentration has been detected in Cabernet Franc (0.005 ng/g). Once again, treatments with plant activators improve melatonin biosynthesis in grapes, as reported for the Merlot cultivar [60] . As expected, melatonin also has been detected in wine, with concentrations ranging from 0.05 to 0.5 ng/g, and, interestingly, in humans, whose serum melatonin level increased significantly after red wine intake (1h after a single 100 mL supplementation) [67, 68] .
In vertebrates, besides being produced and secreted by the pineal gland with a circadian and seasonal rhythm, melatonin is also synthesized by the retina and gastrointestinal tract. Circulating melatonin levels are involved in the regulation of physiological and pathological conditions, including sleeping, vascular tone, calcium homeostasis, bone turnover, sexual development, immunity, cancer and oxidative burden. These activities are mediated by binding to the G-protein coupled melatonin membrane receptors (MT1, MT2, MT3) and diffusion into the central nervous system and peripheral and steroidogenic tissues [69] .
Bioactivity of grape chemicals: focus on polyphenols
From an exclusively medical point of view, functional plant foods and beverages, as well as their biologically active compounds, are not considered pharmaceuticals, though they can improve life quality and expectancy, as suggested by recent evidence. Therefore, they are termed nutraceuticals, which act as dietary therapeutics or pharmaconutrients, i.e. compounds that, if regularly included in the diet, can prevent, block or delay the onset of the major chronic diseases correlated, in western countries, to a longer life span and a diet rich in refined foods.
Antioxidant and antimutagenic activity:
Probably, the most investigated biological activity of polyphenols is their antioxidant power, though they also possess a plethora of more or less correlated properties, such as antimutagenic, anti-inflammatory, antitumoral, antihypertensive and cardioprotective activities [11, 70] .
Briefly, at biochemical level, oxidative stress can be defined as a disturbance in the cell oxidation/ reduction (redox) status. Metabolism of aerobic organisms, unavoidably and continuously produces partially reduced oxygen intermediates, more reactive than molecular oxygen in its ground state, including both radical and nonradical forms collectively termed as reactive oxygen species (ROS). In addition to the sources of ROS under stable physiological conditions, above all respiration (leakage of electrons from the mitochondrial transport chain leading to the single-electron reduction of molecular oxygen and consequent formation of superoxide anion, • O 2 -), other sites of ROS production exist. During inflammation and the immune response, the activated phagocytic white cells (neutrophils, macrophages and monocytes) generate • O 2 -from molecular oxygen by an NADPH oxidase. This radical is then transformed into other ROS, mainly hydrogen peroxide (H 2 O 2 ) and hydroxyl radical ( • OH-), which are each involved in direct toxicity towards microbes, a process known as a respiratory burst. External factors that can also detrimentally affect aerobic organisms include disease, cigarette smoking, radiation, pollutants and xenobiotic metabolism by the cytochrome P-450 oxidase detoxifying system, all conditions that exacerbate the oxidative burden by generating significant amounts of ROS [71] [72] [73] [74] .
Pathological conditions mechanistically linked to oxidative stress include inflammation, atherogenesis, and carcinogenesis; thus, it is not surprising that foods rich in antioxidants play an essential role in the prevention of cancer, cardiovascular diseases, neurodegenerative disorders, such as Parkinson's and Alzheimer's diseases, and premature aging ( Figure 8 ) [71, 72, 74] .
Due to the high reactivity of ROS, their uncontrolled production can cause injury to the nearest biomacromolecules (lipids, proteins and nucleic acids), if the prooxidant/antioxidant balance is not preserved (Figure 8 ). Particularly, lipid peroxidation is a free radical-mediated reaction which damages both polyunsaturated fatty acids in cell membranes, and plasma lipoprotein particles, such as low density lipoproteins (LDL) ( Figure 8 ) [75, 76] . To overcome these and other side-effects of aerobic life and to protect vulnerable targets, organisms evolved sophisticated strategies, collectively termed antioxidant defenses, that counteract the imbalance of the cell redox homeostasis and keep the ROS levels under the cytotoxic threshold [77] . Antioxidant defenses also include vitamins and nutraceuticals, i.e. nonenzymatic scavengers abundant in plant foodstuffs and introduced by diets, including polyphenol-rich grape products [78] [79] [80] [81] . Any compound capable of quenching ROS, without itself undergoing conversion to a destructive radical species, can be considered as an antioxidant, as in the case of dietary flavonoids [82, 83] .
The basic flavonoid chemical structure is the flavan nucleus, consisting of 15 carbon atoms arranged in three rings (C6-C3-C6): two benzene rings (A and B) combined by an oxygen-containing pyran ring (C) ( Figure 9 ).
The various classes of flavonoids previously described differ in the level of oxidation and saturation of the C-ring, while individual compounds within a class differ in the substitution pattern of the A-and B-ring [70] . Flavonoids act as antioxidants by donating electrons and stopping radical chains ( Figure 10 ). This activity is attributed to the phenolic hydroxyls, especially in the 3',4' positions of B-ring, and to the 2,3-double bond of C-ring, thus increasing with the number of OH groups in A and B rings ( Figure 10 ) [84] .
As reported above, polyphenols supplied by diet exert health benefits by ROS scavenging, as shown by the supplementation with non-wine grape products [80, 85] . In a recent study, the antioxidant capacity of red grapes was evaluated in HepG2 (human hepatocellular liver carcinoma) cells and positively correlated with the total phenolic content and the oxygen radical absorbance capacity (ORAC) values of the grape extracts [86] . The authors thus concluded that increasing fruit consumption represents a suitable strategy to counteract oxidative stress and to reduce the risk of cancer [86] . Dietary polyphenols 
also elevate the antioxidant capacity of human blood. Daily consumption of grape juice (10 mL/kg body weight) for 2 weeks resulted in an increased resistance of LDL to ex vivo oxidation, comparable to the value obtained after α-tocopherol (400 IU) supplementation [87] . These results further confirmed the data previously reported by Day and colleagues, showing that the daily intake of grape juice (125 mL) for 1 week significantly reduced LDL oxidazibility. They also observed an 8% increase in plasma antioxidant capacity, measured 1 h after grape juice supplementation, as ferric-reduced antioxidant potential (FRAP) [88] . In a short-term study, the acute intake of a phenolic-rich juice (400 mL), with grapes as a major ingredient, improved the antioxidant status in healthy subjects, determined both in serum and urine by FRAP. In the same work, the authors showed that the phenolic compounds of the juice were bioavailable, as revealed by the increase of phenolics able to bind the lipid fraction of serum and their rise in urinary excretion, with a maximum reached 2 h after consumption [89] . In pre-and postmenopausal women, the whole-body oxidative stress was significantly reduced after the daily supplementation of a lyophilized grape powder (36 g) for 4 weeks, by reducing the urinary F2isoprostanes, biomarkers of oxidative stress [90] . Consuming black grape (1g/kg body weight) exerted similar effects, compared with juice and powder, raising significantly the antioxidant potential of healthy volunteers 4 h after the ingestion [91] .
Oxidative DNA damage leading to modifications of DNA bases is related to mutagenesis, carcinogenesis and aging (Figure 8 ). Daily grape juice supplementation (480 mL) for 8 weeks reduced DNA strand breaks in peripheral lymphocytes, as detected by the single cell gel electrophoresis (comet assay, a powerful tool in mutagenesis studies), beside decreasing the amount of released ROS [92] . Similarly, treatment of human lymphocytes with a grape seed extract reduced the frequency of micronuclei (an assay for the detection of DNA damage) by 40% and the production of malonyldialdehyde (a biomarker of lipid peroxidation) by 30%, while increasing the activities of the antioxidant enzymes catalase and glutathione S-transferase by 10 and 15%, respectively [93] . In another study, the antimutagenic activity of both aqueous and methanolic extracts from two Greek grape varieties (red and white) was assessed against ROS-mediated DNA damage, by using the Salmonella/reversion assay and the oxidant mutagens bleomycin and H 2 O 2 . Unexpectedly, both polyphenol-rich fractions from red grape extracts and single polyphenols (resveratrol, catechin, epicatechin, quercetin, gallic acid and protocatechuic acid) in general did not affect the bleomycin-and H 2 O 2induced mutagenecity, neither positively nor negatively, though some slight prooxidant and mutagenic effects were reported for resveratrol and quercetin [94] . In agreement with these results, the reported data on the antimutagenic activity of individual grape phytochemicals are still inconclusive. In purified calf thymus DNA treated with oxidants, resveratrol exhibited a bimodal response on the formation of 8-hydroxy-2deoxyguanosine (8-OH-dG, a biomarker of oxidative DNA damage), with a slight prooxidant effect at lower concentrations, and an antioxidant activity at higher concentrations, reducing the 8-OH-dG accumulation in a dose-dependent manner. This biomarker causes G→T and A→C transversions during DNA replication, a result relevant to carcinogenesis [95] . Furthermore, pre-treatment with resveratrol prevented the accumulation of DNA strand breaks induced by tobacco smoke condensate in cell lines of different histogenetic origin, as assessed by the comet test [96] . In agreement, resveratrol failed to induce DNA damage in animal cell cultures, though it slightly increased chromosomal aberrations at the highest assayed doses [97] .
In conclusion, the protective effect against ROSinduced DNA damage may not be attributed to single polyphenols present in grape, but rather to the synergism among polyphenols themselves and/or between them and other types of bioactive chemicals.
Atherogenesis and cardioprotection -Atherosclerosis is a chronic inflammatory fibro-proliferative process of large and medium-sized arteries that results in the progressive formation of fibrous plaques, in turn impairing the blood flow inside the vessels. In the affected artery, atherosclerotic lesions, resulting from an eccentric thickening of the intima, can either promote an occlusive thrombosis or produce a gradual stenosis of the arterial lumen. In the first case, thrombus formation, disruption of the lesion surface, can lead to an infarction of the organ supplied by the afflicted vessel, as in a heart attack, when a coronary artery is suddenly blocked, or in a thrombotic stroke, when a cerebral artery is damaged. In the second case, the stenosis of the vessel limits the blood supply to local tissues, leading to a progressive and gradual injury of the affected organ [98] . Endothelial dysfunction and oxidative modification of LDL are key factors in atherogenesis. Endothelial cells exert multiple physiological functions, maintaining the integrity of the vascular wall and representing a permeable barrier through which diffusion and active transport of several substances occur. Furthermore, endothelial cells constitute a non-thrombotic and non-adherent surface for platelets and leukocytes, which regulate vascular tone by producing nitric oxide (NO), prostaglandins, endothelins and growth factors [99] .
A great deal of evidences suggests an inverse relationship between grape product consumption and cardiovascular disease. In studies conducted with grapes and grape juice, clinical trials demonstrated an improvement of endothelial function, a reduction of platelet aggregation, a positive influence on biomarkers such as LDL and HDL (high density lipoproteins) and a reduction of the blood pressure. Additionally, the prevention of LDL oxidation, as previously described, contributes further to the cardioprotective effect of grapes ( Figure 11 ).
In patients with coronary hearth disease, ingestion of red grape juice (8 mL/kg body weight), daily for 2 weeks, improved endothelial function, increasing the flow-mediated dilation of the brachial artery by 6.5 %, compared to baseline values, as measured by high-resolution brachial artery ultrasonography (a measure of the endothelium-dependent vasodilation). The authors also reported a reduction of LDL susceptibility to oxidation in the same subjects [100, 101] . Similar results were reported more recently in hypercholesterolemic patients supplied with red grape juice (500 mL/day) for 2 weeks, with a 6.7 % increase of the brachial artery flow-mediated dilation, compared to the baseline [102] . The improvement of arterial endothelial dilation was also shown in subjects with coronary hearth disease, peaking 60 min after the acute intake of a red grape phenolic extract (600 mg in 20 mL of water) [103] .
Inhibition of platelet activity after grape juice supplementation was also extensively reported. Red grape juice reduced the platelet-mediated thrombus formation, in stenosed canine coronary arteries, abolishing the cyclic (thrombogenic) flow reduction in coronary blood flow [104] . In vitro incubation of platelets with diluted red grape juice reduced their aggregation, enhanced the release of platelet-derived nitric oxide (NO) and decreased • O 2 -production. The same results were reported in plasma samples from healthy subjects daily supplemented with grape juice (7 mL/kg) for 2 weeks [105] . In turn, the release of NO by platelets contributed to further inhibit their own aggregation and their recruitment to a growing thrombus [106] .
Intriguingly, orange and grapefruit juices failed to inhibit the platelet function in healthy patients, probably because of the lower amount of polyphenols in these products compared to red grape juice, as asserted by authors [107] . In fact, in that study, only the daily intake of grape juice (5-7.5 mL/kg), for 7-10 days, reduced the baseline values of the platelet aggregation response to 1.0 mg/L of collagen by 77% [107] . Moreover, the collagen-mediated platelet aggregation was greater when grape seed and grape skin extracts were supplied individually than when used in combination, both in human and dog blood samples [108] .
In haemodialysis patients, daily supplementation with red grape juice (100 mL), for 2 weeks, improved the lipoprotein profile, by decreasing plasma concentrations of LDL and increasing those of HDL, besides reducing the plasma concentration of oxidized LDL and monocyte chemoattractant protein 1 (MCP-1), an inflammatory biomarker associated with cardiovascular disease risk. In the same study, a rapid absorption of quercetin was reported, with the 
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vasoconstriction va so di la tio n maximum plasma concentration achieved 3 h after grape juice ingestion [109] . The levels of tumor necrosis factor α (TNF-α), a plasma proinflammatory cytokine released by both endothelial cells and leukocytes, decreased in pre-and postmenopausal women after supplementation with a lyophilized grape powder (36 g daily) for 4 weeks. TNF-αinduced endothelial activation and vascular inflammation play a critical role in atherosclerosis. Plasma triglyceride concentrations were reduced in the same patients [90] .
Blood pressure parameters and atherosclerosis were ameliorated by grape juice intake. Supplementing hypertensive men with red grape juice (5.5 mL/kg body weight), daily for 8 weeks, reduced on average by 7.2 and 6.2 mm Hg the systolic and diastolic blood pressure, respectively, compared to the baseline values, and by 3.5 and 3.2 mm Hg, respectively, compared to a calorie-matched placebo [110] . By using a hamster model of atherosclerosis, it was shown that grape juice intake reduced by 10% the aorta area covered by foam cells, i.e. macrophages internalizing oxidized LDL, in animals supplied with a cholesterol/saturated fat diet for 10 weeks [79] .
Other molecular mechanisms by which polyphenols may counteract the endothelial dysfunction, thus playing a role in the etiopathology and pathophysiology of atherosclerosis, include: i) the decrease of endothelin 1 (ET-1) production; ii) the release of NO by endothelial nitric oxide synthase (eNOS); iii) the suppression of the nuclear factor kB (NF-kB) expression ( Figure 11 ).
Procyanidins, a class of proanthocyanidins, blocked the production of ET-1 by suppressing the ET-1 gene transcription, in cultured bovine aortic endothelial cells. ET-1 is a highly potent vasoconstrictor, which also promotes leukocyte adhesion, monocyte chemotaxis and smooth muscle cells proliferation, in addition to facilitating LDL uptake by endothelial cells [111] . In other studies, polyphenols, mainly anthocyanins, triggered an endothelium-dependent, NO-mediated vasorelaxation, whereas delphinidin was shown to inhibit the apoptosis of endothelial cells [112, 113] . NF-kB is a pleiotropic transcription factor subjected to redox regulation and involved in different signalling pathways (as explained in the next section), including vascular inflammation. Therefore, it can be evoked by oxidative stress and inhibited by antioxidants [114] . In human coronary endothelial cells, resveratrol (10 -6 mol/L) reduced by 50 % the activation of NF-kB mediated by TNF-α, in addition to attenuating the monocyte adhesiveness to endothelium [115] . Disruption of the cytokineactivated NF-kB signalling pathway exerts a vasculoprotective action by attenuating vascular inflammation and preventing atherogenesis. Furthermore, a spectrum of different genes expressed in atherosclerosis were shown to be upregulated by NF-kB, including those encoding for TNF-α, MCP-1, interleukin 1 (IL-1), vascular cell adhesion molecules (VCAM) and intracellular adhesion molecules (ICAM) [114, 116] .
Finally, the flavonol quercetin also exerted beneficial effects on the cardiovascular system [117] . In different in vitro studies, this compound improved vasodilation in isolated constricted arteries through an endothelium-independent mechanism, besides inhibiting proliferation and hypertrophy of vascular smooth muscle cells in culture [118, 119] . In vivo, the effects of quercetin were studied in several experimental animal models. Chronic quercetin treatment lowered blood pressure or prevented the development of hypertension in spontaneously hypertensive rats (SHRs), in nitric oxide deficient rats and in desoxycorticosterone acetate-salt hypertensive rats [120] [121] [122] . Furthermore, quercetin increased eNOS activity and reduced the production of •O 2 -, by downregulating aortic NADPH oxidase in SHRs [123] .
Cancer chemoprevention -Prevention has become as important as therapy to control cancer, in order to reduce both cancer morbidity and mortality. Chemoprevention of cancers is the strategy of preventing, arresting or reversing carcinogenesis with chemopreventive agents, dietary therapeutics effective at each step of the neoplastic progression. Therefore, chemopreventive agents can be divided into blocking agents, which arret the initiation stage of malignancy, and suppressing agents that act on tumor promotion and progression by inhibiting the malignant transformation of initiated cells ( Figure  12 ). Again, chemopreventive agents can avoid the time-dependent tumour resistance (chemoresistance) to chemotherapeutic agents and their non-specific toxicity towards non-target cells, thus resulting pharmacologically safer treatment [124] [125] [126] [127] [128] [129] [130] .
Cancer is a multistage and multifactorial disease, the second leading cause of death worldwide after heart disease, whose risk and incidence augments with age. In addition to genetic factors, environmental and nutritional factors play a main role in cancer aetiology. In industrialized developed countries, breast, prostate and colon-rectum cancers predominate, because of a diet rich in animal foods, refined carbohydrates and deficient in plant foods. Conversely, in developing countries, where diet is largely based on cereal/starchy foods, oesophageal, stomach and liver cancers are more common [4] .
An intricate network of signalling pathways is involved in cancer pathogenesis, regulating the (im)balance between cell growth-promoting and growth-inhibiting mechanisms. At the molecular level, the interaction with both transcription factors and receptors has been proposed as a putative mechanism for the reported anticarcinogenic activitiy of (grape) polyphenols. Furthermore, cancer chemopreventive agents, such as resveratrol, can promote apoptosis in premalignant and malignant cells by modifying the cell redox status [130] .
Chemopreventive properties of grape products are more likely attributable to the combined effect of their bioactive components, rather than to one or a few specific molecules, although resveratrol represents the most studied example of grape biologically active compounds [10, 11] . In his seminal and pioneer study, Pezzuto and his group reported, for the first time, the chemopreventive potential of resveratrol in assays representing the three carcinogenesis stages [131] . Besides, they showed that resveratrol inhibited both the development of preneoplastic lesions in a mouse mammary gland culture treated with the carcinogen DMBA and tumourgenesis in a mouse skin cancer model [132] .
Resveratrol was shown to inhibit two important transcription factors, NF-kB, involved in signalling pathways mediating inflammation, oncogenesis (included angiogenesis and metastasis), apoptosis, and, together with anthocyanins, the activator protein 1 (AP-1), regulating the expression of genes involved in cell adaptation, differentiation and proliferation [133] [134] [135] [136] [137] [138] .
The interactions with both androgen (ARs) and estrogen receptors (ERs), belonging to the nuclear steroid hormone receptor family, represents another molecular mechanism involved in resveratrolmediated chemoprevention. A decrease in cell proliferation was reported in the androgen-responsive prostate cancer cell lines LNCaP treated with resveratrol and quercetin, due to the inhibition of both expression and function of ARs [139, 140] . ARs represent essential mediators of androgen activity, controlling the transcription of androgen-inducible genes, such as prostate specific antigen (PSA), and hence they are implicated in the development of hormone-responsive prostate cancer. Moreover, the growth of androgen-unresponsive prostate cancer cells was also inhibited by resveratrol, though to a lesser extent than that of the androgen-responsive cell lines [141] . Estrogens regulate the transcription of target genes by binding to different intracellular estrogen receptors (ERα and ERβ) with tissue and ligand specificity, thus influencing the growth, differentiation and function of target tissues and playing a pivotal role in breast cancer. As a phytoestrogen, resveratrol has both estrogen agonist and antagonist activities, thus raising some controversy regarding its therapeutic application against estrogen-responsive breast cancers [142] [143] [144] . Phytoestrogens are naturally occurring plant metabolites that exert estrogen agonist/antagonist activity. They are diphenolic compounds with structural similarities to natural and synthetic estrogen steroids and are either hormone-like, with inherent estrogenic activity, or can be converted by intestinal flora to weakly estrogenic compounds. Other phytoestogens include lignans and isoflavones, present in whole cereals and legumes respectively, and classified as selective estrogen receptor modulators (SERMs) [145] .
Inhibition of both aromatase (estrogen synthetase) activity and its expression by grape seed extract represents another mechanism of breast cancer suppression, as demonstrated in an aromatasetransfected MCF-7 breast cancer xenograft model [146] . Aromatase is a cytochrome P-450 enzyme, which converts C19 androgens to aromatic C18 estrogens, which are expressed at higher levels in breast cancer tissues than in normal breast tissues. Therefore, its over expression in breast cancer cells can influence tumor progression, because of the major role of estrogens on the breast cancer development [147] .
The aryl hydrocarbon receptor (AHR) is a cytosolic protein that translocates to the nucleus upon ligand binding. Metabolic activation of aryl hydrocarbons (AH) results from their binding to AHR, which, after migration, activates the transcription of the CYP1A1 gene, encoding for the cytochrome P450 (CYP450) isozyme CYP1A1. CYP450 enzymes are involved in the metabolism of a variety of xenobiotics, including carcinogens such as AH, and are over expressed in a variety of tumors. The metabolized active forms of carcinogens can subsequently interact with DNA, thus causing mutations. Resveratrol was shown to exerts a strong inhibitory effect on the AH-induced CYP1A1 expression, both at the mRNA and protein levels, as well as on other CYP450 isozymes, such as CYP1A2 and CYP3A4 [148] [149] [150] .
Besides the above mentioned signalling networks regulated by polyphenols, the induction of apoptosis is another molecular mechanism involved in their anti-proliferative effects [134, 135] . In a variety of tumor cell lines, including leukaemia cells, it was reported that resveratrol activates the mitochondrialdependent apoptotic pathway by the up-regulation of pro-apoptotic p53 and Bax proteins and the downregulation of the death inhibitory protein Bcl-2 [151] [152] [153] [154] [155] [156] . In turn, p53 is one of the main oncosuppressor genes, whose mutations, as well as the loss of p53 protein function, are related to more than half of human cancers [134, 135] . However, in different cell lines, polyphenols induce apoptosis by mechanisms other than p53 gene modulation [157, 158] . The inhibition of ribonucleotide reductase (the enzyme that catalyzes the reduction of ribonucleotides into deoxyribonucleotides), of DNA polymerase, of ornithine decarboxylase (ODC, a key enzyme of the polyamine synthesis greatly involved in cancer growth) and the promotion of cell cycle arrest are key processes further contributing to the chemopreventive potential of polyphenols [159] [160] [161] [162] [163] [164] [165] [166] . Grape seed extract (rich in procyanidins) also showed promising efficacy against two important process involved in cancer progression, that is angiogenesis and metastasis, which are inhibited in prostate and breast carcinoma, respectively [167, 168] .
Apart from the beneficial effects exerted by polyphenols on prostate, breast and blood cancers, as discussed above, other types of tumors benefit from regular, moderate consumption of grape products. Carcinomas of the digestive tract are common and the risk increases with age. Grape polyphenols, mainly quercetin, was shown to suppress the emergence of aberrant crypt foci, in animal models of carcinogenesis, by modulating both cell proliferation and apoptosis [169] . The crypt is the fundamental unit of epithelial proliferation in the colonic mucosa, where apoptosis removes the genetically damaged stem cells from the epithelium before they undergo clonal expansion. Hence, increased apoptosis in the proliferating zone of the colonic crypt provides a protective mechanism against crypt cell hyperproliferation and neoplasia [169] . In both cancerous and noncancerous human colon tissues, black grape extracts modified the activity of enzymes involved in DNA-turnover, i.e. adenosine deaminase, 5'-nucleotidase and xanthine oxidase, thus depriving cancer cells of nucleotides for proliferation [170] . Similar results were reported on cancerous and noncancerous human urinary bladder tissues [171] . More recently, the growth of human colorectal carcinoma cells was inhibited by a grape seed extract rich in proanthocyanidins [172] , and a red grape dietary fiber (obtained from seeds) induced epithelial hypoplasia in both rat cecal and distal colonic mucosa, with crypts less depth and a decrease in crypt density and mucosal thickness [173] .
Photochemoprevention by botanical agents may prevent skin cancer at various stage of carcinogenesis, as shown in different models. Topical application of apigenin to SKH-1 hairless mice, prior to UV exposure, effectively prevented radiation-induced carcinogenesis [174] . Mechanisms involved in photochemoprevention by resveratrol include the inhibition of NFkB signalling, as demonstrated in UV-exposed normal human epidermal keratinocytes [175] . In both models, SKH-1 hairless mice and normal human epidermal keratinocytes, grape seed proanthocyanidins also prevented photocarcinogenesis, as well as the UVinduced oxidative stress and activation of NF-kB signalling [176, 177] . As described for other cell lines, resveratrol induced apoptosis in two human melanoma cell lines by activating a MAP kinase pathway [178] .
The paradigm that health benefits arising from fruit consumption are due to the combined efficacy of biologically active plant components, has been recently emphasized on pancreatic cancer cells. Pancreatic cancer is a highly aggressive malignancy, currently treated with limited success by using conventional therapeutics and with an extremely poor prognosis [179] . A mixture of isoflavone 10 nM + cucurmin 500 nM + epigallocatechin-3-gallate 125 nM + resveratrol 125 nM inhibited by 40%, up to 72h, the cell growth of BxPC-3 cells, a human pancreatic cancer cell line, via a mechanism partly due to the inactivation of NF-kB. The authors concluded that a combinatorial treatment with phytochemicals induces a greater inhibition of cell growth than those obtained after treatment with single compounds [180] .
Among the tumors of the head and neck, the carcinomas of the oral cavity, mainly of squamouscell type, comprise an important group of malignancies, whose incidence is increasing all over the world. Oral cancer, including both oral cavity and pharynx cancers, ranks as the seventh most common type of cancer worldwide, represents 2-4% of all diagnosed cancers, and are associated with a poor prognosis and survival rate if not diagnosed early [181] [182] [183] . Administration of proanthocyanidins suppressed the proliferation of human oral squamouscell carcinoma in a dose-dependent manner [184] . More interestingly, proanthocyanidins also inhibited the proliferation of cell carcinoma after transfection with human papillomavirus, another important risk factor for oral cancer [184] . More recently, the same authors reported that, in the two well-characterized oral squamous-cell carcinoma cell lines, CAL-27 and SCC-25, the anti-proliferative effect of a grape seed extract was correlated to the dramatic upregulation of mRNA expression of caspase 2 and caspase 8, proteases considered the executioners of apoptosis [185] .
New perspectives in grape research: melatonin, neuroprotection and ageing
The recent discovery of melatonin in grapes opens new perspectives in the field of grape research [60] [61] . In addition to its neurohormonal functions, melatonin is a powerful antioxidant too. Its electron-rich aromatic indole ring easily acts as an electron donor thereby reducing and repairing electrophilic radicals ( Figure 13 ) [186] . After oxidation by a free radical, for instance •OH-, melatonin generates a resonance-stabilized nitrogen-centred radical, the indolyl (or melatonyl) cation radical ( Figure 13 ) [187] . The latter, after a further quenching of •O 2 -, forms the stable, non toxic N1-acetyl-N2-formyl-5-methoxykynuramine, itself a powerful antioxidant and antiinflammatory able to improve mitochondria metabolism and to inhibit cyclooxygenase 2 ( Figure 13 ) [188, 189] . Intriguingly, it was postulated that a reaction between melatonin and peroxidases in plant tissues, improves the production of kynuramines [190] . Melatonin also counteracts the cell oxidative burden indirectly, by stimulating the production of cell ROS detoxifying enzymes, specifically glutathione peroxidase, glutathione reductase and superoxide dismutase [191] . Melatonin, besides being a more effective antioxidant than resveratrol, can reverse the prooxidant DNA damage induced by low concentrations of resveratrol, when added in combination [192] .
Aging is a complex physiological process that involves morphological and biochemical changes occurring, with the passage of time, in single cells and in the whole organism. Aging is characterized by a diminished ability to face stress, because of a decline in the immune function, known as immunosenescence, resulting in a predisposition to infectious diseases and cancer [193, 194] . Among the many theories proposed to explain the mechanisms of ageing at the molecular level, the oxidative stress or free radical hypothesis has received wide support [195] . Therefore, as previously stated, ROS production and oxidative DNA damage can represent an optimal environment for the development of agerelated diseases. For instance, the cumulative risk of cancer increases from the seventh decade of age and approximately 30% of humans get cancer by age 85. Consequently, cancer can be considered, in many cases, a degenerative disease of old age, related to the detrimental effects of the continuous exposure to ROS over a lifespan [196] .
Because of its immunomodulatory activity, dietary melatonin can counteract the ageing process. Melatonin concentration in plasma decreases with age and is coincident with the age-related impairment of the immune system, first appearing around 60 years of age [197] . In fact, an array of chronobiological disorders, such as the general deterioration of cognitive, psychological and social functions, as well as sleep disturbances, can be related to the decreased amplitude of the melatonin rhythmic secretion [198] . Further support for this hypothesis arises from the finding that lymphocytes also synthesize melatonin, in addition to other tissues, thus explaining its immunostimulating affects mediated by the immune-opioid network [199, 200] .
Older findings suggest that caloric restriction increases life expectancy [201] , but only recent discoveries link this phenomenon with the activation of sirtuins, NAD (nicotinamide adenine dinucleotide)-dependent enzymes that remove acetyl groups from specific lysine residues on various proteins [202] . In Saccharomyces cerevisiae, the functional SIR2 (silent information regulator 2) gene, coding for the Sir2 protein, a NAD-dependent histone deacetylase, is required to promote an increase of lifespan in yeast subjected to nutritional restriction, by suppressing genome instability, decreasing the metabolic rate and lowering the production of ROS [203] . More recently, three other sirtuins (Sir 1-4) have been discovered in yeast, whereas, in mammals, seven homologs have been identified, SIRT1-7, which deacetylate both histones and nonhistone proteins. SIRT1-7 are implicated in a variety of cellular functions, including the epigenetic regulation of genomic architecture and gene expression, the control of cell cycle and apoptosis, and the regulation of metabolic activity. Mammalian sirtuins are localized in the nucleus, cytoplasm and mitochondria, and are ubiquitously expressed in human tissues, with higher levels in the brain and testis. Sirtuin deacetylases are evolutionarily conserved, and numerous Sir 2 homologues have been identified in archeans, bacteria, plants, protozoans and metazoans [204] . A set of 18 polyphenolic compounds, including resveratrol and quercetin, was shown to increase the affinity of SIRT1 enzyme for certain protein targets, possibly via an allosteric mechanism. These molecules, referred to as sirtuin-activating compounds (STACs), extended the lifespan of Caenorhabditis elegans, Drosophila melanogaster and Saccharomyces cerevisiae, through the same or a similar pathway as caloric restriction [205] [206] [207] [208] . Accordingly, STACs can also increase longevity in mammals besides being of therapeutic significance in the treatment of the old age disorders, such as cancer, neurodegeneration and heart failure, as well as diabetes and muscle diseases [207, 208] .
The efficacy of dietary melatonin as a new potential and promising anti-aging agent is due not only to its immunotherapeutic, antioxidant and antitumor properties, as previously discussed, but also to its anti-amyloidogenic activiy [209, 210] . In Alzheimer's disease, the inhibition of β-fibrillogenesis by melatonin was reported [210] . Fibrillogenesis is the ability of the neurotoxic and protease-resistant amyloid β (Aβ) protein to form β-sheet structures or β-amyloid fibrils, deposited within senile plaque in cerebral and meningeal blood vessels. Moreover, it was suggested that the antiamyloidogenic and neuroprotective effects of melatonin are mostly due to the structural interactions between the hormone and Aβ peptides, rather than exclusively to its antioxidant properties [210, 211] . Similarly, in different cell lines, resveratrol was shown to promote the intracellular degradation of Aβ peptides, via a mechanism that involves the proteasome, without inhibiting directly the enzymes β-and γ-secretases implicated in Aβ protein synthesis [212, 213] . Further studies showed that grape-derived polyphenolic compounds inhibited amyloid fibril formation [213] and, very recently, a grape seed polyphenolic extract significantly prevented Aβ protein oligomerization, by inhibiting the Aβ protein aggregation into highmolecular-weight oligomeric Aβ species, both in vitro and in Tg2576 mice [214] . Besides, when orally administered to these animals, the extract attenuated the cognitive deterioration typical of Alzheimer's disease [214] .
The protective effect of melatonin in an experimental model of Parkinson's disease also has been reported. This disease is a chronic neurodegenerative disorder characterized by the apoptosis of dopaminergic neurons, mainly in the substantia nigra, and oxidative stress seems to be the likely candidate to mediate this process. Therefore, melatonin, by virtue of its strong antioxidant capacity, was proven to protect neuronal cells, thereby preventing the nigral dopaminergic cell damage, both in vitro and in vivo in animal models [215] [216] [217] .
Conclusion
A good comprehension of the bioavailability of dietary phytochemicals is critical in order to correctly evaluate their bioactivity, to interpret the experimental results and to design new approaches. However, biokinetic data supporting their absorption, distribution, metabolism and excretion in the human body are still fragmentary, despite the enormous amount of indications of their bioactivities. Dietary phytochemicals have to be absorbed before exerting their health benefits, and several human studies indeed reported direct evidence of the absorption and urinary excretion of these compounds after intake. Nonetheless, the high variability of the data concerning their bioavailability, at least for polyphenols, depends on the complexity of the food (fruits and vegetables) matrix and on the chemical structure of the specific compounds [218] [219] [220] .
Analytical methodologies employed for polyphenol identification and quantification, in both food matrices and human biological fluids, are fundamental to accurately determine the levels of these compounds in foods and to study their metabolism in the human body. After suitable sample preparation and extraction, analytical techniques available for phytochemical measurement include both physico-chemical methods and immunological assays. The latter consist of radioimmunoassay (RIA), time-resolved fluorescence immunoassay (TR-FIA) and enzyme-linked immunosorbent assay (ELISA), whereas the former include gas chromatography coupled to mass spectrometry (GC-MS), high performance liquid chromatography (HPLC) with UV, diode array (DAD), fluorescence or electrochemical detection, and liquid chromatography coupled to mass spectrometry (LC-MS). The physico-chemical methods measure a number of analytes in a single analysis, compared with immunoassays, which are more sensitive (very low detection limits for target analytes, specially by RIA), but usually are used to detect a single analyte. Other less common non-chromatographic methods include matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) and infrared (IR) spectroscopy. For food matrices, where phytochemicals are generally present at higher concentration than in human biological fluids, the most widely employed analytical technique is HPLC, with UV detection or DAD, using reversed-phase C18 stationary phases with gradient elution, though it is not always sensitive and specific enough. For the analysis of biological fluids (urine, serum), analytical methodologies of great sensitivity and specificity are required, such as GC-MS and LC-MS [221, 222] .
The increasing number of analytical methods and the improvement of their accuracy and sensitivity will greatly help to study the fundamental aspect of phytochemical bioavailability. In the meanwhile, the possibility of enhancing the pharmaconutritional potential of grape/wine by phytosanitary treatments or genetic manipulation should be further explored [25, 60, 223, 224] .
